Khan SR, Joshi S, Wang W, Peck AB. Regulation of macromolecular modulators of urinary stone formation by reactive oxygen species: transcriptional study in an animal model of hyperoxaluria. Am J Physiol Renal Physiol 306: F1285-F1295, 2014. First published March 5, 2014 doi:10.1152/ajprenal.00057.2014.-We used an unbiased approach of gene expression profiling to determine differential gene expression of all the macromolecular modulators (MMs) considered to be involved in stone formation, in hyperoxaluric rats, with and without treatment with the NADPH oxidase inhibitor apocynin. Male rats were fed rat chow or chow supplemented with 5% wt/wt hydroxy-L-proline (HLP) with or without apocynin-supplemented water. After 28 days, rats were euthanized and their kidneys explanted. Total RNA was isolated and microarray analysis was conducted using the Illumina bead array reader. Gene ontology analysis and the pathway analyses of the genes were done using Database for Annotation, Visualization of Integrated Discovery enrichment analysis tool. Quantitative RT-PCR of selected genes was carried out to verify the microarray results. Expression of selected gene products was confirmed using immunohistochemistry. Administration of HLP led to crystal deposition. Genes encoding for fibronectin, CD 44, fetuin B, osteopontin, and matrix-gla protein were upregulated while those encoding for heavy chains of inter-alpha-inhibitor 1, 3, and 4, calgranulin B, prothrombin, and Tamm-Horsfall protein were downregulated. HLP-fed rats receiving apocynin had a significant reversal in gene expression profiles: those that were upregulated came down while those that were downregulated stepped up. Apocynin treatment resulted in near complete absence of crystals. Clearly, there are two types of MMs; one is downregulated while the other is upregulated during hyperoxaluria and crystal deposition. Apparently gene and protein expressions of known macromolecular modulators of CaOx crystallization are likely regulated by ROS produced in part through the activation of NADPH oxidase. reactive oxygen species; fetuin; matrix Gla protein; osteopontin; kidney stone FORMATION OF KIDNEY STONES is the culmination of a series of events starting with crystal nucleation followed by growth, aggregation, and their retention within the kidneys (10, 47). All of these processes are modulated by macromolecules produced by the kidneys and/or liver. Numerous studies have been performed to identify crystallization modulators and determine their mode of action (6, 43, 67, 72, 83, 84) . However, regulation of the production of modulating macromolecules during stone formation is poorly understood.
Studies using both animal models and tissue culture have shown that renal epithelial cells produce reactive oxygen species (ROS) when exposed to a variety of crystals, including calcium oxalate (CaOx), calcium phosphate (CaP), and uric acid (36) . In addition, production of crystallization modulators, such as osteopontin (Opn) (41, 76, 78) , Tamm-Horsfall protein (Umod, uromodulin) (13, 58) , urinary prothrombin fragment-1 (Uptf-1) (17, 18) , bikunin (Bk) (32) , and inter-␣-trypsin inhibitors (Itih) (61) , is altered when cells are exposed to CaOx crystals. In support of this, we have shown that inhibition of NADPH oxidase reduces the production of Opn by renal epithelial cells exposed to CaOx crystals, while CaOx monohydrate crystal exposure of renal epithelial NRK52E cells, pretreated with the NADPH oxidase inhibitor diphenyleneiodium (DPI), reduced the production of ROS compared with cells not treated with DPI (78) . The relative expression of Opn mRNA and production of Opn, which increases on exposure to crystals, was also decreased with DPI treatment. More importantly, treatment of hyperoxaluric rats with the angiotensin receptor blocker (ARB) candesartan reduced both the production of Opn and deposition of CaOx crystals in the kidneys (76) .
We have suggested that ROS play a significant role in the production of macromolecules known to affect crystallization in the kidneys (37, 39) , hypothesizing that, during crystallization of CaOx, kidneys produce ROS via upstream involvement of both the renin-angiotensin-aldosterone system (RAAS) and NADPH oxidases. This set of macromolecules includes ␣-1-microglobulin/bikunin precursor (Ambp), Opn, Fetuin (Fetub), matrix Gla protein (Mgp), fibronectin (Fn1), Umod, thrombin/coagulation factor 2 (F2), calgranulin B (S100a9), hyaluronan synthase (Has1), CD44, heparanase (Hpse), and several heavy chains of inter-alpha-trypsin inhibitor (Itih1, Itih3, Itih4).
To test our hypothesis, first we determined the changes in gene expression and production of these macromolecules identified as being involved in biomineralization, stone formation, and retention in hyperoxaluric rats, and second, the subsequent effects of treatment with apocynin, an antioxidant and inhibitor of NADPH oxidases. This report shows the temporal changes that occur in the expressions of these various molecular modulators in renal tissues in response to sustained hyperoxaluria, crystal formation, and the intervention treatment with apocynin. We discuss how these changes point to a number of molecular and bioprocesses that help decipher the response of renal tissue to CaOx crystals.
MATERIALS AND METHODS
Animal procedures. The experiments described herein were performed in Sprague-Dawley rats purchased from Harlan Labs. The studies were approved by the University of Florida's IACUC and were conducted in accord with the recommendations of the NIH Guide for the Care and Use of Laboratory Animals. All procedures are detailed in our earlier publications (34, 40, 86) . In brief, three groups of six rats each, average weight of 150 g, were placed in metabolic cages with free access to food and water. Rats in group 1 were fed a normal rat chow diet and given sterile water. Rats in both group 2 and group 3 were fed the same chow as group 1 rats, but supplemented with 5% (wt/wt) hydroxy-L-proline (HLP); however, rats in group 3 were placed on water supplemented with 4 mM apocynin. Apocynin dosage was based upon previous publications (50) . Urine samples were collected weekly. At the end of day 28, all rats were euthanized and their kidneys removed. From each rat, one kidney was used for RNA isolation, while the second was placed in 10% phosphate buffered formalin for histological analyses.
RNA extraction and differential expression of genes by microarray analysis. Each rat kidney excised for RNA isolation was surgically separated into medulla and cortex, then snap frozen in liquid nitrogen and stored at Ϫ80 0 C. Total RNA was isolated concurrently from each of the 36 tissue specimens using the RNeasy Mini-Kit (QIAGEN, Valencia, CA) as per the manufacturer's instructions, and as described previously (42) . This resulted in RNA from both cortex and medulla for each rat within all three treatment groups. Microarray hybridizations were carried out with each of the 36 RNA specimens using the Illumina RatRef-12 Expression Bead Chip containing Ͼ22,000 genes expressed in the rat genome. Expressed values were determined using the Illumina bead array reader. All microarray data have been deposited with the Gene Expression Omnibus (GSE36446).
Gene expression data analysis was performed using the Genome Studio Gene Expression Module V1.0. Before the analysis, the individual signal intensity values retrieved from the microarray probes were log transformed (using 2 as a base) and normalization was done for all the individual samples within each study group. After normalizing the signal intensity values for each of the 36 arrays, the Student's t-test was used to do a probe-by-probe comparison between two groups concurrently. For each comparison, the fold change (FC) and P value was calculated for each gene based on the n ϭ 6 replicate samples within each experimental group, and volcano plots were drawn for each comparison. Differential gene expressions were compared between the cortex and medulla tissues from control vs. HLPtreated rats and between control and HLP-apocynin-treated rats using Database for Annotation, Visualization of Integrated Discovery (DAVID) enrichment analysis tool (Bioinformatics Resources, National Institute of Allergy and Infectious Diseases) for GO: TERM and KEGG pathway analysis (26, 27) . Cluster analysis of genes was also done for the identification of biological processes, cellular component, and molecular function ontology.
Histological examinations. Formalin-fixed tissues were embedded in paraffin and sectioned to a thickness of 5 m. Deparaffinization of paraffin-embedded slides was performed by xylene immersion followed by dehydration in ethanol. Kidney sections were processed for immunohistochemistry using specific antibodies against Fn1, Mgp, Umod, Opn, A2m, S100a9, fetuin, and prothrombin. Staining was developed by the addition of diaminobenzidine (DAB) substrate (Vector Labs, Burlingame, CA) and counterstained with hematoxylin. Images were taken using the Zeiss Axiovert 200M microscope (Carl Zeiss Microimaging, Thornwood, NY).
Real-time PCR. cDNA was generated using Invitrogen's SuperScript III First-Strand Synthesis System (Carlsbad, CA; cat. no. 18080-051), as described previously (42) . Quantitative real-time PCR was carried out to determine the mRNA expression of Fn1, Mgp, Opn, A2m, S100a9, and Umod. The mRNA of these genes was PCR amplified and detected using the Roche's FastStart High Fidelity PCR System (Indianapolis, IN; cat. no. 03553426001) (42) . The forward and reverse primers used are as follows: Fn1, forward 5=-GTGGCTGCCTTCAACTTCTC-3= and reverse 5=-GTGGGTTG-CAAACCTTCAAT-3=; Mgp, forward 5=-CTACTTCTCGGCGCTGC-CTGAAG-3= and reverse 5=-GCCTGCCCAGGAGATCAAC-3=; Opn, forward 5=-CCGATGAGGCTATCAAGGTC-3= and reverse 5=-ACTGCTCCAGGCTGTGTGTT -3=; S100a9, forward 5=-GCTCCT-TAGCTTTGAGCAAGA-3= and reverse 5=-TTTCTTTGAATTCCGC-CTTG-3=. Umod primers (QT00187012) were purchased from Qiagen.
Statistical analysis. The statistical analysis was performed using GraphPad Prism version 5.0 for Windows (GraphPad Software, La Jolla, CA). P values were calculated by one-way ANOVA for nonparametric data. P Ͻ 0.05 is considered statistically significant.
RESULTS

Histology.
As we previously published (39, 40) , HLP administration to male rats for 28 days produces hyperoxaluria and CaOx crystal deposition in the rat kidneys, while nontreated rats remain normo-oxaluric and devoid of any crystals. Urinary excretion of oxalate by HLP-treated rats increases many-fold, which in humans can only be achieved in conditions of primary hyperoxaluria. The extent of crystal deposition in HLP-treated rats ranges from large extensive deposits (Fig. 1A ) to a few scattered small deposits. Even though all segments of the kidneys, including cortex, medulla, and papilla, contained crystals, the majority of the crystals were seen in the tubular lumens of the distal tubules and collecting ducts of the cortex and outer medulla. The tubules that contained crystals were dilated and showed destruction of the lining epithelium, while neighboring tubules appeared normal with no overt signs of injury. Although HLP-treated rats receiving apocynin remained hyperoxaluric, their kidneys contained only a few scattered small crystal deposits, mostly at the corticomedullary junctions (Fig. 1B) .
Microarray analyses. Microarray profiles of renal cortex and medulla tissue for control vs. HLP-fed rats identified 3,302 and 2,894 genes, respectively, that were significantly differentially expressed (Ͼ2-fold change). On the other hand, a similar comparison of cortex and medulla tissues for control vs. HLP ϩ apocynin-treated rats revealed 3,000 and 2,505 differentially expressed genes, respectively. Although global microarray transcriptome data permit extensive simultaneous analyses of multiple molecular and biological processes defined by differentially expressed genes, in this case the broad activity of apocynin in lowering renal crystallization, we have focused here specifically on the set of macromolecules known to modulate CaOx crystal formation and depositions.
Analyses of renal tissues for genes encoding these macromolecular modulators revealed that several were upregulated while others were downregulated in HLP-treated rats compared with nontreated control rats ( Table 1) . Expressions of genes encoding for ␣-1-microglobulin/bikunin precursor (Ambp), fibronectin (Fn-1), fetuin (Fetub), hyaluronan synthase (Has1), osteopontin (Opn), matrix gla protein (Mgp), and CD44 (CD44) were highly increased in both the cortical as well as medullary sections of the kidneys (Fig. 2) . On the other hand, expression of genes encoding for prothrombin/coagulation factor 2 (F2), Tamm-Horsfall Protein/Uromodulin (Umod), calgranulin-B (S100a9), and inter-␣-trypsin inhibitor heavy chains-1,3,4 (Itih1, Itih3, Itih4), as well as heparanase (Hpse), were significantly decreased (Fig. 3) . When HLP-fed rats were simultaneously treated with apocynin, an antioxidant and inhibitor of NADPH oxidase, the effects of HLP on expressions of these molecular modulator genes were reversed, i.e., the upregulated gene expressions of Ambp, Fetub, Has1, Opn, and Mgp were now downregulated, the upregulated expressions of Fn1 and CD44 were decreased (Fig. 2) , while the downregulated expressions of Umod, F2, S100a9, Itih1, Itih3, Itih4, and Hpse were reversed, exhibiting upregulated expressions (Fig. 3) .
Quantitative real-time PCR. Quantitative Real-Time PCR of selected modulator genes, i.e., Fn1, Mgp, and Opn, that were upregulated in response to HLP-treatment, and Umod and S100a9, that were downregulated in HLP-fed rats, was carried out to verify the microarray results. In line with the microarray results, there were significant differences between the gene expressions seen by qPCR in controls vs. HLP-treated and HLP-fed vs. HLP-fed plus apocynin-treated rats. Expressions of Fn1, Mgp, and Opn were highly increased in both renal cortex and medulla of HLP-treated rats (Fig. 4) . Treatment with apocynin reduced expressions of these genes to control levels. On the other hand, Umod expression was reduced in renal tissues of HLP-fed rats (Fig. 5) , while apocynin treatment appeared to have little effect on Umod. There was no significant change in S100a9 expression in the kidneys of HLPtreated rats with little or no significant effect through apocynin treatment of the hyperoxaluric rats.
Immunohistochemical staining. Immunohistochemical staining of kidney sections from untreated control, HLP-fed, and HLP-fed plus apocynin-treated rats provided further supportive data confirming the differential expressions of and effects of apocynin treatment on known macromolecular modulators of CaOx crystallization and retention. As expected, there was no or only patchy staining for Opn, Mgp, Fn1, F2, CD44, Fetuin B, and Tamm-Horsfall protein in the normal control kidneys. Crystal depositions in kidneys were associated with increased expressions of the molecular modulators examined with the exception of calgranulin B. Tamm-Horsfall protein expression was generally restricted to the loops of Henle in both controls and HLP-fed rats (Fig. 6, A and B) . The expression of calgranulin B was more intense in tubular epithelial cells of the control rats (Fig. 6C ) compared with the HLP-treated rats (Fig.  6D) . Expression of Opn was mostly seen associated with crystals or the epithelium lining tubules containing crystals (Fig. 6E ). In addition, the epithelium lining the papillary surface of inner medulla in the renal calyces was also heavily stained for Opn (Fig. 6F) . In general, differences in the IHC staining between HLP-fed and HLP-fed but apocynin-treated rats were not noticeably distinct.
DISCUSSION
A number of animal models and tissue culture studies have been used to investigate the effect of renal cell exposure to oxalate and CaOx or CaP crystals on the production of crystallization modulators. In most studies, the production and secretion/excretion of individual modulators were determined; however, determining the biological importance of these is complicated since different cell lines and animal models were often used. More recently, a few studies have examined changes in the mRNA and gene expression profiles, and these studies have begun to reveal the coordinated increases in the macromolecular expression (43, 67) . In the present study, we investigated the gene expression profiles of the various known modulators of stone formation in a single animal model under controlled conditions, then verifying the transcriptional results using QT-PCR and immunohistochemical analyses of a selected set of genes and macromolecules.
During induction of renal crystallization by HLP, genes encoding for osteopontin, fibronectin 1, alpha-1-microglobulin/bikunin precursor, matrix gla protein, fetuin-B, CD44, and hyaluronan/hyaluronic acid synthase were all upregulated. Opn is a well-recognized modulator of biomineralization and crystallization of both CaOx and CaP (28, 29, 43, 46, 82) . A percentage of Opn deficient mice spontaneously produce interstitial calcifications (60) and produce intratubular CaOx deposits when challenged with the hyperoxaluria-inducing agent ethylene glycol (82) . Results have shown that production of Opn by renal epithelial cells is increased when they are exposed to high oxalate and/or CaOx or CaP crystals (9, 14, 38, (74) . Renal tubular expression of fibronectin is increased in hyperoxaluric mice and is associated with tubules which contain crystals (64) . Microarray analyses of the genes in renal epithelial cells exposed to CaOx crystals have also shown upregulation of Opn and fibronectin genes (59, 64, 65) . Hyaluronan synthase (HAS) catalyzes the production of hyaluronic acid (HA),a negatively charged high molecular weight polysaccharide produced during wound healing and inflammation. CD44 is a transmembrane protein and the main cell surface receptor for HA as well as Opn. Both CD44 and HA are upregulated during injury, inflammation, and wound healing and are involved in the formation of a cell coat or pericellular matrix on surfaces of proliferating and migrating cells. HA is restricted to the inner medullary interstitium of the normal kidneys but is also synthesized and secreted from the apical membrane of tubular epithelial cells. Distal collecting duct cells express both CD44 and HA on apical cell surfaces of the proliferating cells (80, 81) . Proliferating cells are receptive to adhesion of CaOx crystals, a property lost when cells become confluent. In addition, removal of the pericellular matrix by hyaluronidase treatment also results in loss of crystal adhesion property of the proliferating cells (80) . Expression of CD44 is also increased in kidneys of the hyperoxaluric rats (40) . Results of our transcriptional study show increased expressions of CD44 and HAS1 genes. Thus CD44, HA, and Opn are likely to be involved in crystal retention within the kidneys of the hyperoxaluric rats (1, 41, 46, 80) . Bikunin and ␣1-microglobulin are encoded by a single gene, Ambp. Both products have been individually shown to be inhibitors of CaOx crystallization (3, 4, 71) . Expression of Ambp, as well as its two proteins, is increased in the renal tubular cells of the hyperoxaluric rats (16, 32) . Oxalate exposure results in a time-and concentration-dependent induction of ␣1-microglobulin in LLC-PK1 cells (16) . Expression of bikunin mRNA is also increased on exposure of renal epithelial cells to oxalate and CaOx crystals (31) .
Matrix gla protein is a vitamin K-dependent protein functioning primarily as an inhibitor of vascular calcification (69) .
Results of studies show increased expression of Mgp in renal tubules of hyperoxaluric rats (35, 85) , as well as in renal tubular epithelial cell lines NRK-52E and MDCK after exposure to oxalate or CaOx monohydrate crystals (11, 35) . Hyperoxaluria also induces Mgp expression in the peritubular vessels of the renal medulla of hyperoxaluric rats (35) .
Fetuin-A and -B belong to the cystatin superfamily and are expressed in humans, rats, and mice at both the mRNA and protein levels (7) . Both actively inhibit precipitation of basic calcium phosphate in vitro. Fetuin A is considered an important inhibitor of pathological calcification in humans (23) . Fetuin A deficient mice develop soft tissue calcification, including nephrocalcinosis (68) . The role of fetuin in kidney stone formation has not been analytically examined; however, it has been reported that kidney stone patients have lower urinary Fetuin A levels than normal controls (70). We found Umod, S100a9, F2, Hpse, Itih1, Itih3, and Itih4 were coordinately downregulated in renal tissue of HLP-fed rats. In vitro studies have provided evidence that Umod inhibits CaOx crystal aggregation (33) . Umod-deficient mice spontaneously produce interstitial calcification in their renal papillae (51) and produce intratubular CaOx crystal deposits when ethylene glycol is administered (60) . Umod expression is also increased in kidneys of hyperoxaluric rats and seen associated with CaOx crystals (15) . However, Umod production, as determined by Western and Northern blot analyses (54), appears to be decreased. Urinary prothrombin fragment-1 is an inhibitor of CaOx crystal growth and aggregation (20) that can be found in matrices of stones as well as CaOx crystals produced in the urine (2) . Whereas F2 mRNA is expressed in human and rat kidneys (19) , there is a reduction in prothrombin mRNA in kidneys of hyperoxaluric rats with CaOx crystals (19) . S100a9 is also an inhibitor of growth and aggregation of CaOx crystals (66) , excreted in urine, expressed in mammalian kidneys (66) , and a constituent of kidney stone matrix (62) . To our knowledge, this is the first study showing involvement of S100a9 in CaOx nephrolithiasis using an animal model.
The members of the Itih family of plasma serine protease inhibitors are normally involved in extracellular matrix stabilization and are expressed in the kidneys at both the gene and protein level (43, 61) . Individual heavy chains have not shown crystallization inhibitory properties in vitro (45) , but urinary excretion of Itih proteins has been linked to stone formation (5, 22, 55) . Urinary GAGs, such as chondroitin sulfate, heparin sulfate, and hyaluronic acid, are considered to play a significant role in stone formation (43) . Heparin sulfate has been shown to inhibit CaOx crystal aggregation (43) possibly by its adhesive properties to renal epithelial cells (30) .
In general, it appears that most of the upregulated genes encode macromolecules that have been shown in vitro to be crystallization inhibitors. Bikunin, osteopontin, fetuin, fibronectin, and MGP have all been shown to inhibit crystallization of CaP and/or CaOx. Animal model studies show that these proteins are normally present at low levels in the kidneys and urine and their production is increased during nephrolithiasis. Interestingly, osteopontin is normally expressed in the thick ascending limbs of the loops of the Henle, but cell culture studies show that even epithelial cells of the proximal and collecting ducts can be induced to produce OPN by exposure to CaOx crystals. The gene encoding for hyaluronan synthase (Has1), a protein involved in the synthesis of hyaluronic acid, is also upregulated; thus OPN, CD44, and hyaluronic acid are each involved in crystal adhesion, a step toward their endocytosis, movement into the lysosomes and/or exocytosis into the interstitium, where intracellular or interstitial crystals are destroyed. Upregulation of these genes is most likely a protective response of the cells that come in contact with high oxalate and/or CaOx/CaP crystals. In contrast, genes encoding Tamm-Horsfall protein, calgranulin B, coagulation factor 2, and heavy chains of inter-␣-inhibitor were downregulated in HLP-fed rats using microarray analyses, although qPCR showed no significant change in either Umod or S100a9 gene expressions. Earlier studies have shown that hyperoxaluria and CaOx nephrolithiasis do not significantly alter production of Tamm-Horsfall protein in rat models. Of molecular interest, Hpse, the gene encoding heparanase, was also downregulated, a fact that could be considered a protective response since heparin sulfate is an inhibitor of CaOx crystallization.
We have hypothesized that ROS produced in response to hyperoxaluria and nephrolithiasis are also involved in the production of macromolecules that modulate stone formation (36, 37, 39) . To validate our hypothesis we determined the effect of specific and nonspecific antioxidants on the production of selected macromolecules by renal epithelial cells exposed to oxalate and various types of stone crystals in culture or animal models. Diphenyleneiodium (DPI), an inhibitor of NADPH oxidase, significantly reduced the production of hydrogen peroxide by NRK52E cells exposed to oxalate, CaOx monohydrate, or brushite crystals (75) . DPI also reduced the expression of Opn mRNA and production of Opn induced by CaOx monohydrate crystals (78) .
Our transcriptome study revealed that genes encoding for both the cytosolic and membrane-associated units of the NADPH oxidase complex are upregulated in both renal cortex and medullary tissue of HLP-fed rats (34) . Activation appears to occur via the renin-angiotensin system. Concomitant treatment with apocynin, an antioxidant and inhibitor of NADPH oxidase, significantly reduced the production and urinary excretion of hydrogen peroxide and Opn (86), while simultaneously downregulating genes encoding ROS scavenging enzymes. We have also shown that treatment of hyperoxaluric rats with angiotensin II receptor blocker significantly reduces renal synthesis and excretion of Opn (76) . NADPH oxidase is a major source of ROS in the kidneys (12, 48) , particularly in the presence of angiotensin II (21) .
Treating hyperoxaluric rats with apocynin significantly affected the genes for macromolecular modulators important in stone formation, uniformly reversing the effects of oxalate and CaOx crystals on gene expression. Of the various macromolecules investigated here, regulation of Opn gene expression and production of Opn has been investigated in greatest detail because of its involvement in a variety of physiological and pathological processes (8, 56) . It is now generally agreed that Opn expression is regulated by ROS sensitive transcription factors. Expression of Opn mRNA and protein in vascular muscle cells is upregulated by hydrogen peroxide in a dosedependent manner (25) , mediated through both transcriptional and translational regulations (53) . Hydrogen peroxide has been shown to regulate Opn expression in a murine model of postischemic neovascularization (52) . In contrast, resveratol suppresses mRNA expression of NADPH oxidase subunits p22 phox and p47 phox , as well as the in vitro expression of Opn, monocyte chemoattractant-1 (Mcp1), and synthesis of hyaluronan in cultures of human renal epithelial cells (24) . It also reduces the in vivo expression of Opn and hyaluronan in the kidneys of hyperoxaluric rats.
In conclusion, results of our transcriptional study demonstrate that the expressions of genes encoding macromolecular modulators considered significantly involved in kidney stone formation are altered in hyperoxaluria and CaOx nephrolithiasis. Most genes encoding for inhibitors of crystal aggregation are downregulated while those encoding for promoters of crystal adhesion are upregulated, thereby promoting conditions conducive to crystal retention within the tubules (Table 1) . These gene expressions are reversed when animals are treated with apocynin, an antioxidant and inhibitor of NADPH oxidase assembly. Strengths of the study include investigation of 14 known urinary crystallization modulators in one single model using microarray, immunohistochemistry, and QT-PCR; demonstration that there are two types of modulators, some of which are upregulated while the others are downregulated; and providing evidence that inhibition of NADPH oxidase abolishes crystal deposition. A limitation of the study includes the difficulty of separating whether changes in macromolecular expression are a direct response to hyperoxaluria, crystallization, or to renal/epithelial injury/inflammation or ROS.
